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ABSTRACT

This report covers in detail the solid state research work of the Solid ‘
State Division at Lincoln Laboratory for the period 1 May through ‘
31 July 1979. The topics covered are Solid State Device Research, .
Quantum Electronics, Materials Research, Microelectronics, and §
Analog Device Technology. Funding is primarily provided by the Air

Force, with additional support provided by the Army, ARPA, NSF,

and DOE.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Ohmic contacts on p-InP with average specific contact resistances as low as
5 x 1070 n-cmz have been obtained by using a combination of Q-switched laser
annealing, ion implantation, and evaporated Au without microalloying. These
unusually low contact resistances are important for many semiconductor de-
vices, including diode lasers, which require minimum resistance heating for
high efficiency and reliability.

As a first step in the development of high-speed guided-wave electrooptic A/D
converters, Ti-diffused LleO3 directional couplers, branching waveguides,
and electrooptic interferometric modulators were successfully fabricated and
tested, The interferometric modulators had a 17-dB extinction ratio and ex-
hibited better performance for this type of device than has been reported
previously.

II. QUANTUM ELECTRONICS

Single-ended remote sensing measurements of the atmospheric concentration
of CO have been made out to a distance of 2.5 km using differential absorption
of line-tunable, frequency-doubled Coz-laser radiation. Diurnal variations of
COconcentration in the range from 0.15 to 1 ppm were seen over a 500-m path,

CW operation of a Co:Mng laser has been:achieved for the first time, and
continuous tuning over a 1300-.::m'l range from 1.63 to 2.08 um has been dem-
onstrated. In two different experiments, a Ni: Mng laser has been operated
on a single frequency with 20 mW of output power and has been Q-switched to
yield 140 W of peak power, with an output-energy-density extractionof 1 J /cm3.

The effect of etalon frequency selectivity on homogeneously broadened mode-
locked lasers in the limit of low finesse and narrow free spectral range has
been calculated. The etalon does not affect the mode-locked pulse width, but
modulates the frequency spectrum and causes small secondary pulses. Sig-
nificant perturbation occurs when the etalondiscrimination is one to two orders
of magnitude less than the depth of mode-locking modulation.

By using a stable, single-mode, tunable external-cavity semiconductor laser,
the effects of spectral and spatial gain hole burning on the laser spectrum have
been investigated. In addition, this laser has been mode-locked using micro-
wave injection modulation.

Visible laser action on atomic transitions of Ga, In, Al, and Bi has been ob-
tained by using an ArF excimer laser to photodissociate vapors of the corre-
sponding metal tri-iodides. An output energy of 0.24 mJ at 417.2 nm and an
energy efficiency of 2.9 percent have been obtained with Ga.

vii
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Experiments with UV photodeposition of metals have shown the efficacy of a
buffer-gas additive in localizing the deposition process. In addition, the depo-
sition rate has been measured and shown to increase linearly with laser fluence

and the absorption coefficient of the parent gas.

The infrared-submillimeter double-resonance experiment, which uses the
generation and detection of tunable submillimeter radiation in Schottky-diode
mixers, has been extended to pulsed measurements. This has permitted ob-
servations of rapid time-dependent phenomena in vibrationally excited CH3F.

III. MATERIALS RESEARCH

As a step in the development of technology for producing efficient GaAs solar
cells on low-cost substrates, the chemical vapor deposition of GaAs epitaxial
layers on large-grained GaAs substrates has been investigated in order to de-
termine the dependence of growth rate, surface morphology, and impurity dop-
ing on crystallographic orientation. Variations in surface topography from
grain-to~-grain can be minimized by adjusting the growth parameters, and vari-
ations in doping with Zn or S are small enough to be compatible with pregent
techniques for fabricating shallow-homojunction GaAs cells on single-crystal
substrates. '

Shallow-homojunction GaAs solar cells have been found to exhibit superior re-
sistance to 1-MeV electron radiation, indicating that such cells would be very
resistant to the radiation of the space environment. By optimizing device de-
sign and fabrication procedure, it should therefore be possible to produce cells
of this type as efficient power sources with long operating lifetimes for space
applications.

IV. MICROELECTRONICS

A DC measurement technique has been developed to aid in the 100-percent in-
spection of chromium-on-glass photolithographic masks. These measurements
detect the presence of chromium bridges between adjacent lines on masks used
to define the metallization on the device. After the existence of a bridging de-
fect has been detected, microscopic examination is used to locate the defect,
and laser vaporization or spot etching is used to eliminate it,

Electrical activation of ion implants by laser annealing has been shown to be a
tool for wafer rework at advanced stages of wafer fabrication in situations
where conventional thermal processes are not possible. By using this tech-
nique, an ohmic contact has been fabricated to the back side of a wafer of com-
mercially obtained, 512-stage, binary-reference, analog CCD correlator chips.
These devices were difficult to test functionally as received, but the addition of
the back-side ohmic contact allowed operation suitable for preliminary
testing.
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MgO/Au cermet films have been used to form integrated light shields to pre-
vent illumination of the output register and detection circuitry of the CCD
imaging devices being fabricated for the GEODSS (Ground Electro-Optical Deep
Space Surveillance) Program. The MgO/Au films satisfy all the requirements
for this light shield because of their high optical absorption, high resistivity,
and ease of deposition and pattern definition,

V. ANALOG DEVICE TECHNOLOGY

Nearly 100-percent conversion of surface acoustic waves to bulk plate modes
via normal-incidence gratings has been observed for surface waves of wave-
length near the grating period. For a crystal with gratings on opposite faces,
a surface wave on one face is efficiently coupled to a surface wave on the op-
posite face. A theory has been developed that can predict the transmission
coefficients and the selected frequencies at which efficient conversion occurs.

Techniques for fabricating Josephson-junction devices have been developed.
The basic junction structure consists of a niobium base electrode, a niobium
oxide tunnel barrier, and a lead counterelectrode. A normal metal, aluminum,
or an indium-~gold alloy is employed in thin-film resistors.

ix
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I. SOLID STATE DEVICE RESEARCH

A. FABRICATION OF OHMIC CONTACTS ON p-InP USING
ION IMPLANTATION AND LASER ANNEALING

Low-resistance ohmic contacts are important for many semiconductor devices, including
diode lasers, where minimum heating is required for high efficiency and reliability. Difficul-
ties have been experienced in conventional Au-Zn alloy contacts on p-InP, because the Au-Zn
evaporation and alloying processes are not easily controllable and often nonreproducible. Re-
cently, lager-annealing techniques have demonstrated the capability of obtaining good ohmic
contacts on GaAs (see Refs.1 to 4). Here we report the first study of this kind on InP. Our
approach is to use ion implantation and Q-switched laser annealing to produce an extremely
heavily doped surface layer, on which evaporated Au, without microalloying, can be used for
a goad ohmic contact.

The InP substrates used in these experiments were pulled (100)~oriented p-type samples
with a hole concentration of 1.25 X 1018 cm'3. After polishing and etching, the samples were
implanted with {0.5 to 7) X 10%% cm™2 of 30-keV Zn* or Cd* fons. The implantations were car-
ried out at room temperature with substrates tilted 7° away from the normal ion incidence. The
implanted sample was then mounted on a micromanipulator for laser annealing. In these exper-
iments we have investigated two different lasers, a Q~switched Nd:YAG laser operating at
1.06 pm and a Q-switched ruby laser operating at 0.694 um. Best results to date have been ob-
tained using the Nd:YAG laser; therefore, this report will deal primarily with these Nd:YAG
results and only briefly mention the ruby laser for comparison purposes.

The Nd:YAG laser beam (A = 1.06 um) was focused to a spot of ~100 um diameter on the
sample. The laser was operated in an acoustooptically Q-switched mode with a pulse duration
of 250 nsec and a repetition rate of 20 Hz. The peak power of a pulse was determined to be
1.5 % 103 W. By varying the sample position (both parallel and perpendicular to the beam), ar-
rays of isolated spots irradiated at various effective power dengities were obtained on one sam-
ple. Arrays of Au dots, each covering one annealed spot, were then made by photolithography
and Au evaporation.

Figure I-1(a-f) shows optical micrographs of several annealed spots on a sample implanted
with 3 x 1015 cm'2 Zn', The micrographs correspond to a sequence of results obtained on one
sample which was translated and moved away from the laser focal point by equal steps. For the
higher power densities (Figs.I-1(a) through (c)}, irradiated spots show evidence of melting and
a high vapor pressure during the laser pulse irradiation, For lower power densities [Figs.I-1(d)
through (f)], the spots are flat except for the boundaries which presumably separated the
melted and unmelted regions during the annealing process. The I-V measurement between each
spot of Fig.I-1(a-f) and another one that was irradiated at identical power density (on the same
sample) showed ohmic characteristics. Figures 1-2(a) through (c) correspond to Figs.I-1(d)
through (f), while Fig.1-2(d) shows the I-V characteristic of Au dots on an unannealed area.

Experiments with misaligned Au dots showed that, in an irradiated spot, the region effec-
tive for ohmic contacts was within the visible morphological changes. Thus the average spe-
cific contact resistance within the spots of Figs.I1-1(d) through (f) are determined to be 2.2 x
107, 1.3x 1074, and 5 x 10”7 Q-cm?, regpectively, while that of the conventional Au-Zn alloy
contact made on the same (but unimplanted) InP substrate was 3 X 10'4 n-cmz.




(a) (d)
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Fig.l1-1(a-f). Laser-annealed spots with sample moved away from focal
point by equal steps. Each spot has been coated by a 5= X 5-mil Au dot
after laser annealing.
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Fig.1-2, [-V characteristics of Au contacts on laser-annealed
spots {(a) through (c)] and unannealed area (d).




o Experiments with Cd' -implanted samples showed that a dose of 1 X 1015 ¢cm™? resulted in

‘ highly resistive and non-ohmic contacts. With a cd”* dose of 3 x 1013 cm-z, ohmic character-
istics with the resistance nearly a factor-of-2 higher than that of Zn' samples was obtained.
- Only ~30-percent improvement was achieved by increasing the cd? dose to 7 x 1015 cm'z. So
far, the lowest resistance [~40-percent lower than that of Fig.1-2(b)} was obtained by using a
sample with dual implants (3 x 1013 em™ 2ot and 1 x 1013 ecm™ cat).
With Q-switched ruby-laser (A = 0,694 um, pulse duration = 50 nsec) annealing, the best
w results were obtained on a Zn+-implanted sample annealed at a power density ~10 MW/c mz.
However, the specific contact resistance was ~2 % 1072
than that obtained by using the Nd:YAG laser.

The present results can be explained in terms of transient melting and regrowth, which re-
| pairs the implantation damage and activates the implanted dopants to exceedingly high concen-

trations. Because it is necessary to melt to the depth of the implantation damage distribution,

a higher power density will be required to anneal samples of higher-energy implant. This high
< power density can also promote the evaporation of the sample material. The resulting high vapor
1 pressure is likely to be responsible for the apparent surface "damage" such as that seen in
Figs.I-1(a) through (c). Since only a thin (<~200-A) surface layer of heavy doping is required for
a good ohmic contact, it is desirable to use as low an implantation energy as possible and to use
a laser power density just high enough to melt to the implantation depth.

The rather different results obtained by the ruby-laser annealing can possibly be explained
by the fact that, to melt to the same depth, the ruby laser will produce a higher transient sur-
face temperature because of its shorter pulse duration and shorter wavelength. We suggest that
temperatures higher than the melting point are not only unnecessary, but also undesirable, since
they can result in excess dissociation and/or evaporation of the acceptors. In combination with
the liquid-state diffusion, this can possibly result in a depletion or compensation of the acceptors
] in the first few hundred angstroms, which is of vital importance to ohmic contacts.

- In conclusion, we have shown that good ohmic contacts on p-InP, with a specific contact re~
sistance lower than that obtained by conventional alloying techniques, can be obtained by using a
combination of ion implantation and pulsed laser annealing. To achieve a low resistance and

Q-cmz, which was 102 times higher

-

P

avoid surface damage, it is necessary to use low ion-implantation energies and laser pulses with
a suitable power density and pulse duration to achieve melting to the implantation depth without
heating the surface to a temperature significantly higher than the melting point.

Z-L. Liau D.E. Mull
N.L. DeMeo, Jr. R. Bradbury’
J.P. Donnelly J.P. Lorenzot

B. Ti-DIFFUSED OPTICAL WAVEGUIDE DEVICES IN LiNbO3

An analysis of performance considerations for a high-speed guided-wave electrooptic A/D
converter was presented in a previous x-eport.5 Based on that analysis, it was concluded that
\ the development of converters with 4~ to 6-bit accuracy at a 1-GS/sec conversion rate should be
' feasible. As a preiiminary step in converter development, Ti-diffused waveguide devices in
I.,iNbO3 have been successfully fabricated and tested. Results are reported here on directional
couplers and branching waveguides as well as on single-mode electrooptic interferometer mod-
‘ ulators characterized by a 17-dB extinction ratio.

t Rome Air Development Center, Griffiss Air Force Bagse, New York.




Three-dimensional waveguides were formed on X-cut crystals by using sputtered Ti and

conventional photolithographic, chemical etching, and diffusion techniques .6 The waveguides
were approximately 3 pm thick and were oriented in the Y crystallographic direction. LiZO
outdiffusion during the Ti diffusion was minimized using previously reported techniques.7 (The
Lizo outdiffusion forms a slab waveguide for TE modes but has no effect on TM modes, and
must be compensated for in converter design because use of the TE polarization requires a
drive power a factor-of-10 less than that required for TM polarization.) Following the diffu-
sion, the end faces of the crystal were polished so that waveguide testing could be done using
end-fire coupling. This end-face polishing required a special technique to obtain the desired
square, chip-free edge at the top surface of the crystal.

Figure I-3(a-b) shows results for typical branching waveguides and directional couplers we
have fabricated. To the left is a sketch indicating the branching Y and directional couplers that
are shown in the photomicrographs. The waveguides are visible in the photos because of the
slight surface swelling that occurs during the diffusion. The waveguides are on the order of
10 X 3 pm and the fundamental mode has been excited. The photographs to the right indicate
the clean outputs obtained for TE-polarized light from a He:Ne laser at 0.63 um. These photos
were obtained by imaging the waveguide output face on a vidicon and photographing the resulting
image displayed on a television monitor. The lack of scattered light in the branching Y between
the guides should be noted. The directional coupler is functioning as an ~3-dB coupler.

Single-mode electrooptic interferometric modulators, which are the fundamental compo-
nents of the A/D converter, have also been successfully fabricated and tested. These devices
had 3~-pm-wide guides, a total branching angle at each Y of 2°, an electrode length of 3 mm,
and a spacing of 25 pm between modulator arms (see inset in Fig.1-4). A typical plot of modu-
lator output intensity vs applied voltage for a TE-polarized input at A = 0.63 pm is shown in
Fig.I-4. For these data, the center electrode and one of the outer electrodes were grounded
and bias was applied to the other outer electrode. The data were obtained using end-fire cou-
pling and by forming a magnified image of the near-field pattern of the modulator output face
on an apertured photodiode that was operated in a synchronous detection mode.8 As shown in
the figure, 4.4 V is required to obtain a #-phase shift, which is consistent with calculated val-
ues. An extinction ratio of 17 dB (98 percent) has been obtained. The achievement of muitiple
17-dB minima with increasing bias represents better performance for this type of modulator
than has previously been reported. The modulators have also been driven by a 30~V triangular
waveform to obtain modulation at ~130 kHz of the 0.63-pm light. From examining the output
from single guides and Y branches fabricated on the same wafer with the modulators, it is es=
timated that the modulator insertion loss is only ~1~-dB greater than a straight guide and that
the power division at a Y is within £0.2 dB of 50 percent. The deviation from maximum output

at zero bias for the device shown indicates an arm-length difference of ~0.1 um; other devices
have exhibited nearly peak output at zero bias.

F.J. Leonberger
F.J. O'Donneil
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I. QUANTUM ELECTRONICS

A. DIFFERENTIAL-ABSORPTION MEASUREMENTS OF ATMOSPHERIC CO

USING A FREQUENCY-DOUBLED co, LIDAR SYSTEM

Single~ended laser remote sensing measurements have been made of the atmospheric
concentration of CO using a differential-absorption, frequency-doubled CO, LIDAR system. A
schematic of the experimental apparatus used in these experiments is shown in Fig.II-1. A
mini-TEA CO2 laser was used to generate line-tunable, pulsed radiation near 9.3 um at a repe-
tition rate of 25 Hz. The frequency of the CO2 laser was monitored through use of a spectrom-
eter to ensure single-frequency operation. The laser radiation was frequency doubled through
use of a CdGeAs, crystal. The generated radiation near 4.65 pm had a pulse length of 70 nsec,
an energy per pulse of 0.2 mJ, and a beam divergence of approximately 2 mrad. The linewidth

of the 4.65-um radiation was approximately 0.02 cm-i.

TOPOGRAPHIC __HHI 5423
TARGET /
PYROELECTRIC
TELESCOPE
DETECTOR BEAM-STEERING
SPECTROMETER MIRROR
] ~B I InSb
CdGeAs,
MINI-TEA o @ D @ N " ”
€O, LASER o o
9. 3um 4.6%5um

ABSORPTION CELL

l PYROELECTRIC H 500 ppm COIN AR H/

PYROELECTRIC

BOXCAR

BOXCAR

RATIOMETER RATIOMETER

CHART RECORDER

Fig.1I-1. Schematic of experimental apparatus for laser remote sensing
measurements.

A laser-power normalization signal and an absorption calibration for the doubled laser fre-
quencies were obtained by splitting off portions of the 4.65-um radiation. The remainder of the
4.65-um lagser beam was directed by a 50-cm beam-steering mirror toward topographic targets
located outside a laboratory window. Pulsed laser radiation backscattered from the target was
collected by a collinear 30-cm Cassegrainian telescope and detected with an InSb detector located
at the focal plane of the collection optics. The output signal from the InSb detector was pro-
cessed through a 1 -psec gated boxcar integrator and normalized to the laser power through use
of the reference pyroelectric detector output.
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The concentration of CO is deduced from differences in the normalized laser return as the
laser frequency is tuned through those CO2 -laser frequencies which, when doubled, are absorbed
by CO.

For detection of CO using frequency-doubled radiation from our mini-TEA CO, laser, two
absorption coincidences may be utilized — the doubled R(18) line of CO2 with the R(2) transition
of CO near 2154.59 cm-i. and the doubled P(24) line of CO2 with the P(14) line of CO near
2086.32 cm ™,

absorption lines due to other atmospheric gases, while the P(24) line requires only slight cor-

The R(18) absorption coincidence is relatively free of interference from nearby

rection due to the presence of water vapor. This may be seen in Fig. II-2 where the synthetic
transmission spectrum of the atmosphere is shown along with the absorption coincidences and
off-resonance lines of the doubled COz-laser radiation. The average concentration of CO (in—
tegrated over the path of the laser beam) is deduced from a comparison of the on-resonance to
off-resonance detected laser backscatter ratio with that obtained simultaneously from the labora-
tory absorption cell.

Figure II-3 shows the atmospheric concentration of CO measured over a 13-hr period for a
path which traversed a main traffic roadway located 0.48 km from Lincoln Laboratory. The
topographic target used was a painted sign located approximately 0.02 km on the far side of the
traffic roadway. These results were obtained using the R(18) absorption coincidence; results
obtained using the P(24) coincidence agreed within 15 percent. The diurnal variation of CO
shown in Fig. 1I-3 was obtained by smoothing the collected data over 15-min. intervals, and
clearly reflects the increased vehicular traffic during the periods of morning arrival, lunchtime,
and evening departure of a working day. The actual time resolution was on the order of a few
seconds, which permitted the observation of individual cars and trucks as they passed along the
roadway. Also shown in Fig.II-3 is the average CO concentration measured at 8:00 p.m. using
the reflected laser return from a 1-in.-diam retroreflector located 2.5 km away, and from a

telephone pole 200 m distant which did not encompass any major traffic roadways.

Pgeudorange resolution measurements were obtained by utilizing several targets at different
ranges along the same line-of-sight. By differentiating the integrated path measurements ob-
tained for different ranges, the strong localization of the CO concentration over the traffic road-
way was clearly established. OQur results are shown in Fig.I1-4 where the CO concentration was

20 T —T T T
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Q O
; © LIGHT TRAFFIC {1:30p.m.)
© 16 —
Fig.1l-4. Pseudorange resolved mea- §
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measured at ranges of 200, 375, and 500 m at two different times — one when the traffic was rel-

atively heavy on the roadway encompassed only by the 500-m range path and the other when it
was relatively light. It should be noted that the time variation of the detected signal for the on-
resonance R(48) line showed large changes (factors of 5 or more) in the CO concentration due to
individual cars and trucks. No such effect was observed for the off-resonance R(20) return. In
addition, only small (£5 percent) short-term variations in the detected backscatter were observed
for either the R(18) line or the R(20) line for the long-path (~2.5-km) measurement reported in
Fig.1I-3. This indicates that the effect of atmospheric turbulence on the propagation character-
istics of the laser beam were negligible under the conditions of our experiments, and that our
present system is capable of providing a measure of the instantaneous CO concentration under
conditions of heavy vehicular traffic. D.K. Killinger

N. Menyuk
W. E. DeFeo

B. ADVANCES IN TRANSITION-METAL-DOPED LASERS

The first CW operation of a Co:MgF, laser has been obtained. The laser exhibits continuous
tuning over a 1300-cm-1 range from 1.63 to 2.08 pm in a three~-mirror-cavity, Nd:YAG laser-
pumped arrangement described previously.1 The fluorescence spectrum for the 4T2 - 4T1 laser
transition of Co+2 in MgF, at 77 K is shown in Fig.II-5. The Co"'2 ground state is split into six
levels having energies of 152, 798, 1087, 1256, and 1396 cm'1 above the lowest-lying 1evel.2
The fluorescence shown is a mixture of purely electronic and vibronic transitions. The peak
around 1.54 pm is due to a small quantity of Ni+2 inipurities in the sample, efficiently excited3
by radiationless transfer from Co+2. The tuning curves for the Co:MgF2 laser at a crystal
temperature of 80 K are shown in Fig.11-6. Two sets of mirrors were required to obtain opera-
tion over the tuning range. The 0.2-percent-transmission output coupler used to generate the
short~wavelength curve was less optimal than the 0.5-percent-transmission mirror used for the
long-wavelength curve, hence the difference in average output power levels between the two
curves. At 1.4 W of absorbed 1.33-um pump power, operation with a 0.5-percent coupler was
at 3.7 times threshold for a 1.97-pm operating wavelength. ;

The longitudinal mode properties of a three-mirror-cavity Ni:MgF2 las,ex-1 have been ex-
amined using a scanning confocal interferometer. With a birefringent tuning element in the
cavity, laser operation was primarily in 3 to 4 longitudinal modes contained within a 1.5~GHz-
frequency region. A typical mode pattern is shown in Fig. [I-7. Two pairs of modes are ob-
served, with the spacing between the two modes in each pair equal to the full cavity mode spacing
of 260 MHz, and the spacing between the two pairs equal to about 1 GHz. Spatial hole-burning
t.heory4_6 predicts in the limit of an infinitely short active medium that only two modes spaced
by c/4#" will oscillate, where f' is the spacing between the active medium and the nearest cavity
mirror. For the Ni:Mng lager cavity, c¢/4f' is 1 GHz — the spacing between the two pairs of
observed modes. The observation of four rather than two modes may be the result of the finite
length of the laser crystal.

Single-frequency operation of the Ni:MgFZ laser with an output power of 20 mW was obtained
using two tilted intracavity fused-silica etalons with thicknesses of 0.28 and 0.95 cm. In a single
scan of the interferometer the observed laser linewidth was 20 MHz, which was most likely the
finesse-limited linewidth of the interferometer. The frequency stability of the laser over a
0.5-sec measurement period was +35 MHz, and would be considerably improved by a more me-
chanically solid scheme for mounting the cavity output mirror.
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Further optimization of the Q-switched Ni:MgF, 1aser7 produced a peak power output of
140 W in a 480-nsec output pulse at a 100-Hz repetition rate. The output energy density extrac-
tion represented by that level of power is about 1 J/ cms. The actual energy density extraction
from the active medium, because of losses in the Q-switch, was closer to 4J/cm3, about 10 per-
cent of the energy extraction possible with all the Ni+2 ions inverted in a 1 wt%-doped crystal.
This result indicates that scaling the output of the Ni:MgF, laser to the 10~ to 100~-mJ region
should be possible using excited regions 4 mm in diameter in laser crystals 2 to 5 cm long.

P. F. Moulton
A. Mooradian

C. EFFECTS OF NARROW FREE-SPECTRAL-RANGE ETALONS

ON MODE-L.OCKED LASERS

The effects on a homogeneously broadened forced mode-locked laser from a narrow free-~
spectral-range etalon inside the laser cavity have been calculated. The type of etalon under
consideration has a free spectral range (FSR), F, which is narrow compared not only with the
laser medium linewidth Af, but with the mode-locked linewidth as well. Such a situation can
occur, for example, in Nd:YAG (Ref. 8) or (Nd, La)PSO14 (Ref. 9) lasers having 20~ and 40~-GHz
mode-locked bandwidths, respectively, if F S5 GHz. This FSR would be obtained from an intra-
cavity component having a 2-cm length with index of refraction 1.5. Since the etalon optical
length will be much less than that of the overall optical cavity, the FSR is much greater than
the cavity mode spacing. Similar regimes of operation are found in mode-locked semiconductor
lasers.

The other range of etalon spacing with FSR wider than the mode-locked bandwidth has been
treated by Kuizenga and Si.egma.n8 using an expansijon of the etalon transmission maximum near
the center frequency. As expected, the additional frequency selectivity of the etalon narrows
the lasing spectrum and broadens the mode-locked pulses,

The method used to evaluate the etalon modulation effects is a perturbation solution of the
harmonic oscillator forced mode-locked equation derived by Haus .10 This necessarily restricts
the etalon effects to be small; one of the results found below is a limit on how small the etalon
modulation must be for the perturbation solution to be valid.

With zero detuning of the mode envelope from the central cavity mode, the equation for the
continuum limit of the mode envelope E(w), centered about the laser oscillation frequency, is

2 2
2 d w €
26 w —4g — +4og -5 (1 +cos wT)] E(w) =0 (I1-1)
[ £ m dwz sz 4

where

[ P mode-locking loss modulation amplitude
w., = modulation (radian) frequency, f = wm/ 27

Aw = laser medium (radian) linewidth, Af = Aw/27
g = saturated amplitude gain at line center

Ag = excess gain with mode-locking
T = inverse free spectral range, 1/F

u

€ =4R/(4 - ‘Rz), where R is the etalon reflectivity.
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The solutions of Eq. (II-1) with ¢ = 0 for the mode-locked laser are the Hermite-Gaussian "super-
modes" found previously,“ of which only the lowest-order Gaussian one is stable. Equation (II-1)
is rewritten in normalized form

2

o
o}

+ =B E —y(coswT) E = 0 (11-2)

d

w
where
A = Bg —€/4)
(Zélwm)
2 2
(6lwmAw )

€

Tz 2,
(86!wm)

This is the harmonic-oscillator wave equation with a perturbation —y cos wT in w-space, Stan-
dard first-order perturbation theory can be applied directly to solve Eq. (II-2), but because of

the periodic nature of the perturbation it is convenient to Fourier-transform Eq. (II-2) to the
time domain

d—z £(t) + (—" —iz-) £(t) ——7-2 [f(tt +T) +f(t —T)] = 0 (11-3)
dt? g% g 28

where f(t) is the amplitude envelope of 2 mode-locked pulse. This is also a perturbed harmonic-
oscillator wave equation, reflecting the fact that Fourier transforms of the Hermite-Gaussian
solutions of Eq. {I1-2) are also Hermite-Gaussian functions in the time domain. Expanding the
solution of Eq. (II-3) in terms of the zero-order eigenfunctions fm(t) gives the first-order per-
turbation solution

o0

0 + ) e f (1) (11-4)
ra=1

f(t)

with

c, = ‘ZTX;Y—_AOFS-. [, (0 £ (6 +T) + £, (0 £t ~T)) . (11-5)

In all the following equations, m will be even. The vanishing of odd-m terms comes from the
original assumption of an even-symmetry cos wT perturbation.

The full-width half-maximum frequency linewidth of the unperturbed mode-locked laser
intensity is

5,\1/4
oty = N2 Nz 12 (-gi) T_Aaf (11-6)

m
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Fig.I-8. Perturbed mode-locked pulse intensity as a function

of normalized time t/NB. Etalon FSR parameter p = 8, and eta~-

lon modulation parameter is (¢/168/2géy) (Aw/wp,) = 10. Unper-
turbed pulse coincides with central peak.
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Fig.lI-9. Perturbed mode-locked frequency spectrum as a function

of normalized frequency wvB, with same etalon parameters as in
Fig. I-8. Dashed curve is unperturbed spectrum.
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and Eq. (II-5) can be expressed as

2
= (ﬂ) — pm e™® /4 (1I1-7)

C
™o 16, f2g8, \¥

me md2™m!
where
pl_(M)
NF NEz\ F

In frequency space, the same form of expansion as Eq. (II-4) is found from Fourier transforma-
tion. The coefficients Cpp are the same, except for an additional multiplicative factor of (_”m/ 2.

Some typical results of these calculations are shown in Figs.II-8 and II-9 forp = 8, or
Afpgy, =242 F, and (¢/16N2g6y) (Aw/w ) = 10. Figure II-8 is a plot of the time-dependent in-
tensity of the mode-locked pulse vs normalized time t/NB. The frequency-dependent power
spectrum is shown in Fig.II-9 as a function of normalized frequency wNB, along with the un-
perturbed spectrum. In both figures, the unperturbed function maxima have been set equal to
unity. As expected, the etalon modulates the frequency spectrum with a period equal to the
free spectral range. In the time domain, this corresponds to creation of small satellite pulses
separated from the main pulse by the etalon round-trip transit time. The larger effect on the
frequency spectrum occurs because the frequency perturbation is strongest near the unperturbed
peak, whereas the time perturbation is located away from the main pulse. Squaring the per-
turbed amplitude functions then increases the perturbation deviations in the frequency domain,
while reducing them in the time domain. A measured spectrum for an etalon-perturbed mode-
locked Nd: YAG laser is shown in Fig. 5 of Ref. 11, and is qualitatively similar to our calculated
spectrum.

From Fig. II-9 and similar calculations, it is found that the perturbed amplitude frequency
spectrum can be put in the approximate form

2
Ew)~eP /2 4 —ncoswT) . (11-8)

To the extent that the actual perturbation function differs from (1 — n cos wT), i.e., has higher
harmonic content, additional pulses will be found in the time domain separated by 1/F. Using
the above results, it can be shown that

2
o S (-3-—“’.)i2 = <F 3 . (I1-9)
8,’2g6‘ m/p Sélwm

[The parameter 7 calculated using Eq.(II-9) is 0.31 for the functions shown in Figs.I1-8 and II-9.]
From this result, which is in excellent agreement with numerical calculations, one sees that
narrowing the FSR decreases the perturbation effect. In the frequency domain, this can be in~
terpreted as an increased tendency for cavity mode coupling across narrower potential wells,
and in the time domain as greater loss for secondary pulses separated farther from the time of
maximum modulator transmission.

Let us examine some examples of actual mode-locked lasers to find approximate limits on ¢.
For (Nd, La)l-"soM lasers with Af « 750 GHz, typical values are 26l = 0.05, me = 506 MHz, and
F = 5 GHz, giving ¢ £0.02 or % £ 0.005. For a mode-locked semiconductor laseriZ? with Af=
6 GHz, the laser diode itself is the etalon located inside an external cavity. The effects of gain
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modulation on the diode are assumed to be qualitatively the same as those of loss modulation.

Then with 26‘ x 0.2, Zt‘m =2 GHz, and F = c/andiode = 120 GHz, the limits on etalon modulation
and reflectivity are ¢ < 0.002 and R <5%x10"4, In (Nd, La)PSO“ or Nd: YAG lasers, etalon ef-
fects can be made small enough by a combination of antireflection coating and wedging intra-
cavity elements, but the problem in semiconductor lasers is far more severe. Haus13 has ex~-
amined the question of etalon effects in semiconductor lasers from the opposite viewpoint of deep
etalon modulation and found qualitatively similar conclusions regarding the necessity for sup-
pressing the etalon reflectivity. Without such suppression, in the presence of spontaneous
emission noise the spectral modulation is deep enough to confine the modal phase coherence
within the spectral wells, leading to uncorrelated clusters of locked modes.

S. R. Chinn

D. CHARACTERISTICS OF EXTERNAL CAVITY (Ga, Al)As DIODE LASERS

A stable, single-mode tunable external-cavity semiconductor laser has been designed and
constructed. Its spectral properties have been studied in order to investigate spectral and spa-
tial gain hole burning which are believed to contribute to the typically multimode oscillation in
isolated injection lasers. In addition, the external-cavity laser has been force-mode-locked
and nearly transform-limited pulse widths with grating tunability of the laser emission have
been observed. ’

The external-cavity laser is illustrated in Fig.[I-10. The particular double-heterostructure
(Ga, Al)As diode used in the experiments has a p-type active layer containing approximately
8-percent Al. The diode is 200 pm long, with a 13-um stripe defined by a selectively etched
n-type GaAs current-blocking layer. The facets are antireflection coated. High stability in the
diode position, which is necessary for long-term single-mode operation, is provided by a ther-
mally compensated Invar diode translator. The diode radiation is collimated by two 50-mm £/1.4
antireflection-coated lenses. Tuning is accomplished with a 1200-line/mm 750-nm gold-coated
grating, and the output radiation is coupled through a dielectric-coated mirror with reflectivity
ranging from 10 to 40 percent. The various components are supported by four 1-in.-diam super-
Invar rods, with the cavity length adjustable from 20 to 50 cm. Fine frequency tuning and mirror
adjustments are accomplished by piezoelectric control. The entire laser is enclosed in a Lucite
housing, which provides partial acoustic and thermal isolation and permits the laser cavity to be
filled with dry nitrogen during operation.

When the emission of the external-cavity laser occurred in the fundamental transverse mode,
only one axial mode was evident in scanned interferometer transmission spectra as shown in
Fig. II-11(a-b), although more than ten longitudinal cavity modes could possibly oscillate within
the spectral envelope of the laser grating. The mode jitter is 2 MHz and the frequency drift is
2 MHz/min. in an unstabilized cavity. The short-term (<5 min.) amplitude stability of the laser
is 1 percent, and the unit operates in a single mode for up to { hr without mode jumps. The
laser emission is tunable over a spectral range of more than 10 nm, with up to 70 percent of the
original multimode stimulated power (several milliwatts) of the originally isolated diode con-
densed into a single mode in the external cavify, indicating the absence of spatial hole burning
by longitudinal modes at power levels of a few milliwatts. Similar results were obtained for

several devices.
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The extent of the spectral homogeneity was investigated by directly measuring the spontane-
ous emission spectrum of the laser. Previous studies14-” of spectral hole burning and gain
saturation in semiconductor lasers were complicated by various problems inherent in experi-
ments with isolated laser diodes, such as frequency chirping and mode competition in pulsed
devices, nontunable multimode laser emission, and spectral gain shifts associated with signifi-
cant variations in the injection current. The present investigation eliminated these problems
by external control and stabilization of the mode characteristics of a CW laser diode.

In the experiment, the laser was tuned to a particular frequency and the spontaneous emis-
sion spectrum was recorded using a 3/4-m double monochromator and a cooled GaAs photo-
multiplier. A slit aperture between the laser and the spectrometer ensured that the recorded
spontaneous emission originated in the fundamental lateral mode volume from which the laser
power was extracted. Spectra were recorded for the diode with and without external-cavity grat-
ing feedback, and the procedure was repeated for various laser wavelengths across the gain
spectrum. ‘

The spectrometer recordings exhibited superradiant fringes due to the slight (~1 percent)
reflectivity of the coated facets; however, the stimulated emission in the internal diode modes
caused no significant error in the experiment, since the maximum fringe intensity was nearly
three orders-of-magnitude less than the laser mode intensity. The spectra were digitized for
numerical analysis, and the valleys between the fringe maxima were selected for plots of the
spontaneous emission. Typical results are plotted in Fig.1I-12(a). The overall amplitude re-
duction in the spectrum with feedback relative to that without feedback is due to the saturationof

the gain at a value equal to the losses of the laser mode when the diode was allowed to oscillate
in the external cavity.
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A sensitive indicator of deviation in the spontaneous emission spectrum with feedback
relative to that without feedback is the ratio of the energy derivatives of the spectra, as plotted
in Fig.II-12(b). This ratio should be close to unity unless the derivatives vanish or the spectra
differ in shape over a localized range of photon energy. Within the 1-percent experimental
error limits, no positive evidence of a depression in the spontaneous emission is seen in
Fig.1I-12(b). Considering the amplification of the spontaneous emission over the length of the
diode,18 a 1-percent spontaneous-emission hole depth would correspond to a gain depression of
somewhat less than 0.5 percent.

Theories1 4.19

of spectral hole characteristics generally predict an inverse proportion-
ality of the hole width to the intraband energy relaxation time. The width ranges from ~1 nm
for a relaxation time of 10_12 sec to ~10 nm for 10-13 sec. The expected depth, on the other
hand, depends on the model assumed in the calculation. The hole depth has been estimated from
a phenomenological calculation for a single-mode semiconductor laser with band-to~-band re-
combination and a single energy relaxation rate for conduction-band electrons in a p-type active
inj(E)‘ re-
combination rate, and intraband scattering rate Ts yields the following expression for the occu-~

region. A Boltzmann equation steady-state balance of the spectral injection rate R

pation function of fc(E) in the conduction band:

- TR
f (E)~f (E)[i ~— S5 m .
c c 10 (E) f_(E)

L{E, Em)]
c

v _ 0 _ _ 2
where fAE) =f (E) + TSRinJ.(E)/pC(E), R = Pm/hwmv, and L(E,E )= (h/nrs)/[(E ~E_Y+

(‘h/‘rs)Z ) fc(E) is the quasithermal distribution resulting from the injection of carriers at rate
Rinj(E) into the thermal (Fermi) distribution f:(E). pc(E) is the energy density of states, Rm
is the rate of stimulated emission into the laser mode, Pm is the mode power, and 75 is the
internal radiative quantum efficiency. L(E, Em) is the lineshape function for the radiation due
to a stimulated transition, originating at the energy level Em. which is broadened to a spectral
energy width Zh/‘rs by intraband scattering. Energies are measured from the bottom of the
conduction band.

For a thermalization time of 1 psec and an emitted mode power of 2 mW, our model pre-
dicts that the gain hole depth should be ~0.1 percent. Therefore, the 0.5-percent upper limit to
the gain hole depth as determined in this experiment is consistent with an estimate of ~10_12 sec
as the upper limit to the conduction-band thermalization time for the diode used in the investiga-
tion. The corresponding minimum spectral hole width (FWHM) is 1 nm. The tightening of ex-

perimental tolerances in future investigations is expected to result in the determination of the
hole width in the range from 1 to 10 nm.

Because of the stability and tunability of the laser and the relative ease of modulating the
system through microwave injection in addition to the normal DC bias current, we undertook a
series of experiments to mode lock the external-cavity semiconductor laser. Previous suc-
cessf.t efforts in mode locking of diode lasers were carried out by Ho et _a_l_.zo in a hemispherical
cavity without tunability. We achieved mode locking with a pulse width of 140 psec with a pulse
repetition rate of 740 MHz at an average power output of { mW. The emission was tunable over
a spectral range of 10 nm. The actual microwave current modulation in the diode was estimated
to be 10 mA peak-to-peak; under these conditions the corresponding theoretical minimum pulse
width for mode locking through a simple gain modulation of the laser is 110 psec, in reasonably

good agreement with our results. M. W. Fleming
A. Mocoradian
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Fig.1I-13. Energy-level diagram for metal-iodide-based atomic lasers.
Ground-state energy of atom has been displaced upwards by dissociation
energy of corresponding mono-iodide, as given in Table 1I-1. Dashed
line at 6.4 eV corresponds to energy of ArF laser pump photon.

TABLE (1~}
PROPERTIES OF METAL TRI-IODIDE-BASED LASERS
Lasing Atom
Property Bi In Ga Al
Wavelength (nm) 472.2 410,5(3) 417.2 394.4 (6)
(relative intensity) 451.1 (1) 396.2 (1)
Energy Efficiency (percent) - 1.2 2,9 0.3
Threshold Energy (J/cm?) 0.3 0.08 0.05 0.6
Maximum Output (mJ) 0.08 0.24 0.24 0.07
Output Pulse Width (nsec) 3.2 - 4.0 4.0
Temperature (°C) 285.0 218.0 144.0 135.0
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E. ATOMIC TRANSITION LASERS BASED ON TWO-PHOTON DISSOCIATION

OF METAL TRI-IODIDE VAPORS

A number of metal atom lasers based on the UV laser photodissociation of vapors of the
monohalide salts of In, Tt, Na (Ref.21), K (Ref.21), Rb (Ref. 24), and Cs (Ref. 21) have recently
been reported. These atomic resonance-line lasers use a stable medium operating at moderate
temperatures and have low pumping thresholds. Resonance-line lasers have the potential of
being simple, inexpensive, compact high-brightness sources suitable for monitoring the presence
of metal atoms. Here, we report laser action based on the photodissociation of the tri-iodide
salts of Ga, In, Al, and Bi and present evidence that the excitation mechanism involves the
sequential absorption of two pump photons.

The configuration for our experiments was similar to that used for studies of the T¢I and
alkali-halide lasers. An excimer laser provided 7-nsec-long, 193-nm ArF laser pulses with
energies of up to 35 mJ. A longitudinal pumping geometry, in which the rectangular ArF laser
beam was focused into a heated quartz cell containing the metal iodide, was used.

For each iodide, superfluorescent laser action was easily obtained on at least one atomic
transition. The transitions involved are summarized in Fig.11-13 in which the atomic ground-
state energy has been displaced upwards by the dissociation energy of the corresponding mono-
iodide in order to make clear that a single 193-nm laser photon is barely energetic enough to
dissociate the mono-iodide; as discussed below, another photon is needed to dissociate the tri-
iodide into the mono-iodide. Table II-1 lists a number of the characteristics of these metal
tri-iodide-based lasers.

Figure 11-14 shows the dependence of the 417.2-nm Ga emission from the Gal3 cell on 193-nm
pump flux; the direction of observation was along the pump-beam axis. At low pump levels, the
spontaneous emission is observed to have a nearly quadratic dependence on pump intensity. There
is a threshold for superfluorescent emission where the emissjon rises more rapidly than I2 (Iis
the incident flux intensity). In the lasing region, the emission returns to an IZ dependence as the
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gain saturates. At still higher pumping intensities, the laser output varies linearly with I be-
cause of the effect of bleaching, discussed below.

On the basis of the known energetics of the tri-iodides and our experimental results, we
believe that the excitation process is a sequential two-photon mechanism in which the first step

is either
1) MI3 + hv(193 nm) — MI + 2], or
(2) MI3 + hv(193 nm) — MI + I,, followed by
(3) MI + hr(193 nm) — M* + [.

Here, M and M* represent ground-state and electronically excited metal atoms, respectively.
Table II-2 lists the energies required for some of these steps based on known thermal data. It
is apparent that the energy of a single ArF photon, 6.4 eV, is insufficient to produce metal atoms
in the nSi/2 or nPi/2 upper laser levels by dissociation of the tri-iodide. However, the ener-
getics of Table II-2 are consistent with the two-photon sequence (1) to (3) above. Notice that

TABLE 11-2

ENERGY REQUIRED FOR VARIOUS METAL-IODIDE
DISSOCIATION PROCESSES

Energy (eV)

Process Bi In Ga Al
Ml3 - M+ 2} 3.37 3.53 3.8 4,95
Ml3 - Ml + |2 1.81 1.97 2.2 3.4
Ml - M+ 1 2,25 3.43 3.4 3,77
Ml - M* +] 6.29 6.45 6.47 6.9

since the dissociation step of either (1) or (2) does not require 6.4 eV, the remaining energy of
the ArF photon (e.g., 2.6 eV in the case of GaI3) can go into vibrational, electronic, and trans-
lational excitation of the photofragments. This excess energy presumably provides the additional
0.5 eV of energy required for excitation of Al via step (3) (see Fig. II-13).

The quadratic variation of the laser sidelight fluorescence with 193-nm pump light also sup-
ports two-photon excitation of the atomic laser levels. At high laser fluence, the laser output
exhibits a linear variation with input. Such behavior is characteristic of a sequential process
in which one absorption step becomes saturated while the other continues to follow Beer's law.
One-step saturation would be expected if one portion of the process has a higher optical cross
section than the other. In the case of the Group Illa trihalides, the available data21 suggest that

-17

the cross section for step (3) (~10 cmz) is much greater than that for (1) or (2), which is

estimated to be ~10_18 cm2 from our absorption measurements. Thus, the linear region shown

in Fig.11-14 is consistent with the bleaching of step (3)
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Many metals form both stable mono-iodide and stable higher-iodide vapors. In the present

work we find that tri-iodide lasers, although they have required two-photon excitation at our
pump wavelength, can operate at an efficiency comparable to (about one-half of) that of lasers
based on mono-iodide salts. For excitation at near-UV wavelengths, the higher-iodide salts
will be characterized by higher thresholds because of the multiphoton pumping that is required.
However, this disadvantage can be offset by a significant reduction in operating temperature
which accompanies the greater volatility of the higher iodides.22 The demonstration of simply
obtained and efficient laser action in the tri-iodide salts significantly increases the range of
candidate materials for resonance-line lasers.

T. F. Deutsch
D. J. Ehrlich
R. M. Osgood, Jr.

F. ULTRAVIOLET LASER PHOTODEPOSITION OF METAL ATOMS

In the initial experiments of this project,23 the feasibility of UV laser photodeposition was
established. A number of parameiric studies have now been performed to place the previous
results on a more quantitative basis.

One of the parameters needed to analyze deposition results is the optical cross section, at
the laser wavelength, of the parent molecule used in photodissociation. This was obtained by
measuring the optical transmission in the UV as a function of gas pressure. I'igure II-15 shows
typical transmission curves for DMCd [dimethyl cadmium, (CH3)2Cdl and TMAI [trimethyl
aluminum, (CH3)3A1]. Plots of the natural log of the transmission vs laser power were linear
for DMCd and DMZn; for TMAIl, however, straight-line plots were not obtained despite numer-
ous measurements and the use of two different bottles of TMAL. The 257-nm absorption coef-
ficient of TMALI is estimated from the absorption at 10 Torr, which is only ~1 percent (Fig. I1-15).
Table II-3 summarizes these results,

Parametric studies of the CW deposition process for Cd and Al were performed using the
experimental setup shown in Fig.II-16 and described in detail in Ref.23. Measurements of
deposition rate were obtained from the time dependence of the transmitted signal, as described
previously.

The dependence of the deposition rate on pressure was examined at a flux of 0.1 W/cm2 at
257 nm and found to be linear over the range 0.5 to 3.0 Torr for DMCd and 1 to 8 Torr for TMAIL.
Figure I1-17 shows the data for DMCd.

Figure 1I1-18 shows the results of measurements of deposition rates vs intensity at 257 nm
for He-buffered DMCd and TMAl. In each case, the rates are linear in flux over the range
covered, up to 2 W/cm2 for Cd and 500 W/cm2 for Al. Deviations from linearity are observed
at high flux levels and will be discussed below. The slopes of these curves give the deposition
rate per Torr of metal alkyl, and per unit intensity for Cd and Al. The rate for Cd is ~3000
times greater than that for Al; this difference is primarily due to the fact that the cross section
for DMCd is at least 500 larger than that for Al (Table II-3).

Since, at high incident power, molecules are removed from the focal region by photodisso-
ciation at a rate greater than that at which they are replenished by diffusion, bleaching will occur,
and a linear dependence of dissociation rate on flux would no longer be expected. The onset of
bleaching should depend on the incident flux, the number of molecules in thc focal region (de-
termined by reagent pressure), the diffusion length {determined by buffer gas pressure), and
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TABLE 1I-3
OPTICAL ABSORPTION COEFFICIENTS, OPTICAL CROSS SECTIONS,
i AND DEPOSITION RATES AT 257 nm FOR THREE METAL ALKYLS
DMCd DMZn TMAI
ey em™! Tor™1) 0.05 0.5 X 1073 10 | h
257 : . o
!
2 -18 -20 ~21 |
%957 (cm®) 1.4 X 10 1.4 X 10 3x 10 -
[
3 1
Deposition Rate -4 .
ot 257 nm (A-cmz/sec-W-Torr) 1.7 Not measured 5.6 X 10
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the size of the focal region that must be replenished by diffusion. Such effects have been ob-
served in mixes of 4 Torr DMCd and 740 Torr He buffer gas using focal-spot sizes of 100 pm.

l Some indications of a deviation from a linear dependence of deposition rate on flux are observed
at powers of ~10 W/cmz. The effect of bleaching is clearer at higher fluxes; Fig.II-19 shows

‘ the time dependence of the transmission of the 257-nm beam, which monitors the deposition, for
4 Torr DMCd with and without the buffer gas, at a flux of 120 W/cmz. Without the buffer gas
the deposition rate is ~310 .K/sec. about a factor of 2.5 lower than the value that would be ob-
tained using extrapolation from the low fluence value in Table II-3. When 740 Torr of He buffer
is added, the reduced diffusion length leads to a diffusion-limited rate of 140 K/sec. These ex-
periments clearly show that at sufficiently high dissociation rates bleaching can be a significant
rate-limiting step. However, this problem can be eliminated readily by using a flowing-gas

- system that relies on convection to transport gas into the focal region.

A helium buffer was first introduced in order to sharpen the deposition profile by reducing
] the diffusion of metal atoms outside the focal region. Figure 1I-20 shows that the addition of a
helium buffer eliminates the "halo" effect found with the unbuffered cell.

T

D. J. Ehrlich
T. F. Deutsch
R. M. Osgood, Jr.

G. TUNABLE SUBMILLIMETER SOURCES APPLIED TO KINETICS
AND RELAXATION PROCESSES IN THE FIRST EXCITED
vy STATE OF CH3F

T

The application of a tunable submillimeter sideband spectrometer to aninfrared-submillimeter
double-resonance investigation of the rotational levels of CH3F was described in a previous re-

4 . pox't.24 The tunable submillimeter radiation was generated as a laser sideband and coherently
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detected using Schottky-diode mixers. The very high IF frequencies of these diode mixers have
now been used to investigate kinetics and relaxation processes in the excited vy vibrational state

of CH3F. Three types of mechanisms were observed: stimulated emission, collisional energy
transfer, and superfluorescence.

A TEA CO2 laser was used to populate J = 12 rotational levels of the v3 vibrational state of
CH3F by optical pumping. The pulsed laser provided 200-nsec wide, 300-kW peak-power pulses
on the 9.6-pm P(20) COZ-laser line, which was grating-tuned to maximum absorption by the CH3F
sample. The time dependence of the transmission through the sample cell of both the submilli-
meter laser beam and the tunable sideband beam was coherently detected, and the IF signal was
sampled by a transient digital recorder.

Stimulated emission was seen when the (v3,J,K) = (1,12, 2) = (1,11, 2) transition was directly
driven by the 496 -um CH3F laser line. In this case, sidebands of the 496-pm laser line were
used as the local oscillator to demodulate the transmission of the laser beam. A large stimulated-
emission pulse coincident with the pump pulse from the TEA laser was observed. A graph of
the stimulated-emission pulse followed by the exponential decay of the absorption of the sub-
millimeter laser beam at a CH3F pressure of 25 mTorr is shown in Fig. I-21(a). Optical
nutation25 driven by the pump pulse was not seen since the Rabi flopping frequency was much
higher than the 30-MHz bandwidth of the IF filters.

The exponential decay of the absorption of sideband beams was also observed. Figure II-21(b)
shows the decay of the absorption of a sideband tuned to the (J,K) = (7, 2) — (8, 2) transition at a
pressure of 1.19 Torr. Decay rates of 30 to 52 msec™! were observed for this transition over
the pressure range of 0.1 to 1.2 Torr. The largest contribution to the measured decay rates
came from collisional redistribution of energy among internal degrees of freedom of the CH3F.
The contribution to the decay rates from both the known coupling of internal and translational
degrees of freedom and diffusion of excited-state molecules out of the probe beam was small.26
The decay rates did not have a simple dependence on pressure, and their interpretation was
complicated by the fact that the TEA laser could pump several K levels of the V3 J = 12 rota-
tional state. It is clear, however, that the use of low-power, Q-switched pulsed lasers, which
can populate a single K level, and Schottky-diode reradiation techniques will permit the detailed
analysis of the rotational kinetics of optically pumped molecules.

Superfluorescence directly from the J = 12 level was also observed. The intensity of ihe
superfluorescence depended upon the CH3F pressure and upon tuning the TEA laser to pump
efficiently the CH3F, and did not depend upon the frequency of the probe beam. In this case,
the signal at the superfluorescence frequency modulated the mixing of v, ser and Viaser £ VIF t©
generate the IF., As a result, the detected superfluorescence pulse had the same sign as an ab-
sorption signal. Figure II-21(c) shows the effect of a superfluorescence pulse followed by decay
of the absorption of the sideband beam tuned to the (J, K) = (7, 2) — (8, 2) transition. The onset
of the pulse was coincident with the pump pulse, and the width of the superfluorescence pulse was

about 400 nsec over the pressure range 0.1 to 0.6 Torr.

W.A. M. Blumberg D.D. Peck
H. R. Fetterman P. F. Goldsmith!

t University of Massachusetts, Amherst.
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J=7-8,K=2
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Fig, I1-21. (a) Stimulated-emission pulse followed by absorption of CH3F
submillimeter laser beam at pressure of 25 mTorr. (b) Absorption of
sideband beam tuned to (v3, J, K) = (1, 7, 2) — (1, 8, 2) transition at pressure
of 1.19 Torr. (c) Superfluorescence pulse followed by absorption of side-
band beam tuned to (v3, J,K) = (1,7, 2) — (1, 8, 2) transition at pressure of
1.19 Torr.
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IIl. MATERIALS RESEARCH

A. GROWTH OF GaAs EPILAYERS ON LARGE-GRAINED

GaAs SUBSTRATES

Having achieved conversion efficiencies exceeding 20 percent at AM{ for GaAs solar cells
with a shallow-homojunction n+/p/p+ structure prepared by chemical vapor deposition (CVD) on
single-crystal substrates,i'2 we are now developing the technology for producing efficient cells
of this type on low-cost substrates. Layers of GaAs deposited on the low-cost substrates in-
vestigated so far (e.g., metals, graphite, glass) are very fine-grained. Because the CVD growth
process is dependent on crystallographic orientation,:‘!-5 these layers exhibit variations in sur-
face topography and impurity doping that may contribute to poor solar cell performance, either
by degrading the GaAs material properties or by interfering with cell fabrication. To address
these problems we have examined the effect of orientation on growth rate, surface morphology,
and impurity segregation of CVD-grown layers. Our approach has been to utilize GaAs sub-
strates with sufficiently large grains to permit the orientation, thickness, and doping of the dif-
ferent grains in the grown layers to be found by standard techniques, which are not applicable
to very small grains. The experiments have shown that the variations in surface topography
resulting from differences in orientation can be minimized by adjusting the growth parameters,
and also that variations in impurity doping from grain-to-grain are small enough to be compatible
with the techniques that we have developed for fabricating shallow-homojunction GaAs cells on
single-crystal substrates.

Epitaxial layers of GaAs were deposited at 730°C on p *-substrates in an AsCl -Ga-H, ver-
tical CVD system similar to one described prekusly. The AsCl was mamtamed at 15°C, and
the Ga source at 830°C, Growth rates from 1.2 to 31 p.m/hr were obtamed by decreasing the H
flow through the AsCl evaporator from 600 to 100 cm /mm. In most runs, a p-layer about Spm
thick (doped with Zn between 5 X 1016 an d 4 X 10”
(doped with S between 2 and 5 X 1018 ) were grown in succession, as in the preparation of
n /p/p solar cells, but in several cases a p-layer was deposited without an n+-1ayer to facili-
tate measurement of the p-doping. The sources of Zn and S were dimethylzinc and HZS’ re-
spectively., Large-grained substrates were sliced from a boat-grown ingot of Zn-doped GaAs,
then lapped, polished, and etched before use to reduce surface variations to less than 0.1 pm.
Included in each growth run with the polycrystalline substrate was a single-crystal wafer oriented

) and an n -layer about 0.4 pum thick

2° off (100) toward (110). The epilayer formed on this wafer was used as a standard for com-
parisons of growth rates and doping levels.

The grains studied ranged in area from 1 mm2 to over 1 cmz. Their orientations were de-
termined from Laue x-ray diffraction patterns. The orientations found are indicated schemati-
cally in Fig.III-1 by means of points plotted on a triangular section of a (100) stereographic pro-
jection. The three major planes in the cubic system are at the corners of this section, whose
sides are major zone axes. The symmetry of the various orientations can be readily identified:
the highest symmetry planes lie on the major zone axes, while the lowest symmetry planes lie
in the central region away from the axes. The points plotted in Fig. III-1 show that most of the
grains encountered had low-symmetry orientations, which have not previously been the subject
of studies on CVD growth reported in the literature.
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Fig. llI-1. Stereographic projection
showing orientations of GaAs grains
studied in CVD growth experiments.
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In the growth-rate experiments it was found that in a single run the layer thickness was
constant within each grain, but the growth rate varied markedly with orientation. When the
growth rate on the standard GaAs single crystal did not exceed 8 uym/hr, grains exhibiting rel-
atively high growth rates were found to have orientations far from the major zone axes, while
grains with relatively low growth rates had orientations very close to certain high-symmetry,
low-index planes on the zone axes. For the remaining grains, which had intermediate growth
rates, the orientations fell close to the major zone axes. Growth rates of grains in the low-
symmetry group varied from 11 to 23 times the rate on the standard crystal, while the high-
symmetry grains had growth rates between { and § of the standard rate.

For growth rates on the standard crystal greater than 8 pm/hr, the above correlation be-
tween growth rate and orientation breaks down. This effect is illustrated in Fig. 11I-2, where
the growth rates of three grains, one belonging to each of the three symmetry groups, are plot-
ted as a function of the standard rate. At low growth rates, the correlation is shown by the con-
stant slopes of the three plots relative to the straight line at 45°, representing the standard rate.
At higher standard rates, both the high- and low-symmetry grains decreased in growth rate,
while the rate of the grain with intermediate orientation [4° off (210)] increased faster than the
standard rate. Growth rates for grains of other orientations were within the limits shown in
Fig. llI-2, The observed deviation from linear dependence on the standard rate is advantageous
because it provides an opportunity for minimizing growth-rate variations from grain-to-grain
by adjustment of the growth parameters. This is illustrated by Fig.IlI-3, where the growth
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Fig. 111-3, Growth rates of GaAs grains with various orientations
as a function of growth rate on standard wafer.
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rates for a single set of grain orientations, measured in a series of runs on adjacent substrates
from the same large-grained ingot, are plotted on a logarithmic scale as a function of the stan-
dard rate. The width of the shaded region at any standard growth rate thus represents the ratio
of maximum-to-minimum growth rates for all the grains. This ratio is 6 at low growth rates,

decreasing to a minimum of 3 and then increasing to 6 as the standard rate increases.

In the course of the growth-rate experiments, we observed that the surface morphology of
the CVD layers was also dependent on orientation. Grains with high or intermediate symmetry
had rather smooth surfaces, while pits or hillocks were present on low-symmetry grains. These
surface defects generally increased in density with increasing growth rate, but their morphology
did not change appreciably.

The carrier concentrations in p-layers grown on the large-grained substrates, as determined
by C-V measurements on grains of various orientations and normalized to the doping measured
for layers grown on the standard wafers, are plotted in Fig.IlI-4 against the standard growth
rate. For a given standard rate, the variation in p-doping from grain-to-grain was less than
420 percent. However, the average doping was only from j} to 1 that for the layer on the stan-
dard wafer; this difference appears to be due to anomalous segregation of Zn in CVD growth on
surfaces near the (100) orientation. The variation in p-doping is well within the tolerance per-
mitted by our present solar-cell-fabrication techniques.

A detailed investigation of n+-doping was not made because the concentration of 4 to 5 X
1018 cm-3 used in solar cells yields ohmic contacts instead of the Schottky barriers needed for
C-V measurements. For one run at a standard growth rate of about 5 pm/hr, the n+-doping
was lowered sufficiently to permit C-V measurements. As shown in Fig. II-4, the concentra‘.ons
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in different grains varied by +50 percent from the level in the layer grown on the standard sub-
strate, but at the higher concentrations used in practice, such a variation would not interfere
with the formation of ohmic contact to the metal collection fingers.

R. P. Gale J.C.C. Fan
F.M. Davis C.0O. Bozler

B. GaAs SOLAR CELLS WITH HIGH RESISTANCE

TO 1-MeV ELECTRON RADIATION

Although Si solar cells have been extensively used in space, GaAs cells are now emerging
as promising candidates for space applications, with a number of potential advantages over Si
cells. Since the absorption length for sunlight in GaAs is only about 2 um (see Ref. 6), two
orders-of-magnitude less than in Si, GaAs cells should exhibit less radiation damage in space,
because damage generated more than a few absorption lengths beneath the surface should have
little effect on photocurrent collection. In addition, the theoretical conversion efficiency is
higher for GaAs than for Si (see Ref.7), and GaAs cells operate better than Si cells at elevated
temperatures7 and high solar concentrations.8 Furthermore, the stronger absorption of sun-
light in GaAs should allow a significant reduction in cell thickness, and therefore weight. We
report here the results of initial experiments on the resistance of shallow-homojunction GaAs
cells to 1-MeV electron radiation. These results are highly encouraging, suggesting that such
cells would be very resistant to radiation of the space environment.

The GaAs solar cells that have been under development for space applications are mainly
GaAlAs/GaAs heteroface cells,g-“ which incorporate a Zn—dopedm or Be-doped“ p-GaAlAs
window layer grown by liquid-phase epitaxy on an n-GaAs wafer. During growth of the window
layer, the p-dopant diffuses into the n-substrate producing a p-n homojunction generally more
than 0.5 um deep. The layer of GaAlAs greatly reduces the recombination velocity at the GaAs
surface while transmitting almost all the solar spectrum. Single-crystal heteroface cells have
been fabricated with conversion efficiencies as high as 24 to 22 percent at AM1 .12 However,
irradiation with high-energy electrons, the most important source of radiation damage to solar

cells in the space environment, causes a strong decrease in the photocurrent, partly because

the diffusion lengths of minority carriers in the p- and n-layers are decreased and partly because

the surface recombination velocity at the GaAlAs/GaAs interface is incr'eased.i0 These detri-
mental effects can be greatly reduced by fabricating GaAs solar cells that utilize a shallow-
homojunction n*‘/p/p’L structure without a GaAlAs layer.

We have recently developed such shallow-homojunction solar cells, with conversion efficien-

cies exceeding 20 percent at AM1, that incorporate GaAs layers grown by chemical vapor deposi-

tion on either GaAs (Ref.1) or Ge (Ref. 2) single-crystal substrates. In these devices, surface
recombination losses are reduced because the n+- layer — doped with S — is so thin (<1000 f\)that
most of the photogenerated carriers are created in the p-layer — doped with Zn — below the junc-
tion. Because the n+*lay'er is so thin, almost all the electron damage effects will occur in the
p-layer, where the minority carrier diffusion length is much longer (~20 pm) than the solar
absorption length (~2 um). Thus, the n+/p configuration should be considerably more radiation
resistant than the p+/n configuration because the diffusion length in GaAs is much longer for
electrons than for holes. We have confirmed this superior radiation resistance in a series of
experiments using 1-MeV electrons at total fluences up to 1 X 1016 e/cmz, which should be

equivalent in damage to exposure for many years in space.
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TABLE H-1
DEVICE CHARACTERISTICS OF FOUR SHALLOW-HOMOJUNCTION GoAs SOLAR CELLS

BEFORE AND AFTER 10'® e/cm? 1-MeV ELECTRON IRRADIATION
Initial Values Final Values (after 10]6 e/cm2)
Jsc Vv Jsc \'
2 oc n 2 oc n
Cell No., (mA/em”) v) ff (percent) | (mA/cm®) V) ff (percent)
i 27.5 1,00 | 0.82 16.7 21.0 0.82 0.77 9.8
2 19.2 0.95 | 0.81 10.9 18.0 0.72 | 0.69 6.6
3 22,0 0.99 | 0.80 12.9 17.2 0.82 | 0.76 7.9
4 25.6 0.98 | 0.83 15.4 17.9 0.81 | 0,78 8.4
Legend:
e T short=circuit current density
| - .
[ voc open-circuit voltage
9 ff = fill factor
. n = conversion efficiency
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Four n+/p/p+ GaAs cells, each about 0.5 em? in area, were tested. Electron irradiation

at normal incidence was provided by a Dynamitron electron accelerator. Samples were irradi-
ated individually by mounting them next to the aperture of a Faraday cup so that all fluences
were measured directly., The cells were open-circuited and at room temperature during irradi-
ation. The electron flux density was kept at about 1012 e/cm?‘ sec, low enough to avoid signifi-
cant cell heating. Cell conversion efficiencies before and after irradiation were measured at
about 25°C with a solar simulator consisting of a filtered xenon source. Quantum efficiency
measurements were made in a spectrometer at wavelengths from 0.40 to 0.90 um. No thermal
annealing was employed between successive electron irradiations, and no self-annealing effects
were observed during the time intervals between irradiations.

Figure III-5 shows the maximum output power density at AMO, Pmax' for Cell 1 (grown on
a Ge substrate) as a function of cumulative electron fluence. The value of Pmax was initially
over 22 mW/cm2 (cell conversion efficiency n at AMO was 16,7) and slowly decreased to about

13 mW/cm2 at a fluence of 101° e/cm2

. Both initial and final P values are higher than those
13,14 max

reported for three other types of space cells, as plotted in Fig.III-5. The results for the
other three types, a GaAs heteroface cell and two Si cells, were obtained under similar experi-
mental conditions, except that their areas were 4 crn2 and the Si cells were thermally annealed
at 50°C for over 24 hr between successive electron irradiations.”

T:.ble I11-1 lists device characteristics of Cell 1 before electron irradiation and after

6 c,’cmz irradiation. Although the cell exhibits excellent radiation resistance compared with

10!
other tvpes of cells, the values of short-circuit current density JSC and open-circuit voltage
Voc both decreased about 20 percent after the high electron fluence. The decrease in Voc cor-
responds to an increase in leakage current, as indicated by an increase in saturation current

density J  for the injected current component from 6 X 10748 (o 1 x 10714 A/cm2 after 1016 ¢/cm

2
irradiation. The decrease in Jsc may be attributed partly to degradation of the electron diffu-
sion length in the p-layer of the cell and partly to a visible change in the anodic antireflection (AR)
coating. We therefore expected the JSC decrease to be reduced by lowering the doping level in
the p-layer below the value of 1 X 1017 cm™3 used in Cell 1, in order to increase the initial elec-
tron diffusion length, and by omitting the anodic AR coating.

Our expectation was confirmed by the results for Cell 2 (grown on a GaAs substrate) which

16 -3

has a p-doping level of 1015 to 10"~ cm ° and no anodic AR coating. Figure III-6(a) shows the

device characteristics of this cell after successive electron irradiations, while the initial and
final values are listed in Table III-1. For a fluence of 1016 e/cmz, JSC decreased by only about
6 percent of its original value, This small decrease is confirmed by the quantum-efficiency
measurements on the cell at various electron fluences, as plotted in Fig. lII-6(b). The cell, how~-
ever, still exhibits a significant decrease in V .. In this case, Jo increased greatly from
2x107 18 01 x 10711 A/cm?.

The dependence of JSC on electron fluence for Cell 2 is compared in Fig. 111-7 with this depen-
dence for the GaAs heteroface cell with Be doping and the Si nonreflective cell shown in Fig. III-5,
and also with the dependence reported15 for a GaAs heteroface cell with Zn doping. As expected
from theoretical considerations, the shallow-~homojunction GaAs cell has a much smaller decrease
in Jsc with increasing electron fluence.

Table I1I-1 also lists the device characteristics of Cells 3 and 4 (both on GaAs substrates)
before and after 10“’ e/cml electron irradiation. The results for these cells are quite similar
to those for Cell 1, except that they have lower initial n values because their n+-1ayers are

thicker.
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In conclusion, our experimental results for four n+/p/p+ shallow~-homojunction GaAs solar
cells indicate that such cells are resistant to electron irradiation. One of these cells is supe-
rior to other types of space cells, in having a higher output power density before and after 1 x
1016 e/cm2 1-MeV electron irradiation. In a second cell, a very small change in JSC was
achieved by using a low doping level in the p-layer and no anodic AR coating. The still substan~
tial change in Voc may be partially attributable to an increase in leakage current along the ex-
posed edges of our etched cell mesas. This increase in leakage current is expected to be re-
duced when the cell area is increased from 0.5 cmz to the usual value of 4 cmz, and when the
exposed mesa edges are protected by an encapsulant. A different AR coating using Si3N4 is also
being developed. By optimizing device design and fabrication procedure, it should be possible
to obtain shallow-homojunction GaAs cells that will provide high power density and very long
life in space.

In addition, our initial experiments indicate that shallow-homojunction GaAs cells fabricated
on Ge substrates are similar to cells on GaAs substrates in their resistance to electron radia-
tion. The substitution of Ge for GaAs substrates will permit a major decrease in Ga consump-
tion as well as reduction in cell cost. Furthermore, since Ge is much stronger mechanically
than GaAs, this substitution will also allow the use of thinner substrates, thus reducing the

weight of the cells. J.C.C. Fan

R. L. Chapman
C.O. Bozler
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IV. MICROELECTRONICS

A. PHOTOLITHOGRAPHIC MASK EVALUATION BY ELECTRICAL TESTING

Previous reports have discussed methods and techniques for fabricating charge-coupled
devices (CCDs).1 Requirements for minimum attainable line width and spacing have increased
the difficulties associated with 100-percent microscope inspection of chromium photolithographic
masks. This report describes a DC measurement procedure which can assist in determining the
presence of chromium bridges on metallization masks. These bridges would ultimately lead to
intralevel shorts on completed silicon devices.

The GEODSS (Ground Electro~Optical Deep Space Surveillance) CCD imager [see Ref. 1,
(1978:2), pp.36-39] is characterized by a multiplicity of alternate-phase gate electrodes run-
ning horizontally along the imaging section of the device. As alternate gates are connected to
different phases of the two-phase clock drive, a short between two adjacent electrodes on either
the polycrystalline silicon first metallization level or the polycrystalline silicon second metal~
lization level will render the device inoperative. These shorts can result from defects on the
chromiura photolithographic masks as well as from processing defects on the silicon wafer. To
insure thiat mask defects between adjacent electrode lines are minimized, an electrical testing
procedure which can reveal bridging defects has been developed.

Chromium-mask-making processes have been described previously.z The pattern on the
final chromium master for a particular process level is the same as that which is to be repli-
cated in polycrystalline silicon on the surface of the silicon wafer after development of positive
photoresist and subsequent etching of unprotected areas. This mask consists of an array of
devices closely packed within a 2-in., diameter, the same as the diameter of the silicon wafers.
On the first polycrystalline silicon metallization level, the electrode width is 8.9 um with con-
servative 6.3-pm spaces between adjacent electrodes. The second polycrystalline silicon level,
however, consists of 11.4-um-wide electrodes with 3.8-um spaces between adjacent electrodes.
With such narrow spacing between adjacent electrodes, gel slugs on the 10X emulsion reticle,
particles on the mask before exposure, or incomplete development of the positive photoresist
on the chromium-mask blank can result in shorts between electrodes. The imaging area on
each chip is 3.0 X 12.2 mm. Stretched out, the adjacent electrodes of alternate phase would
parallel one another over a length of 1.2 m. Since electrode gates of each phase are connected
together at one side or the other of the 13.3- X 3.6-mm chip, electrical probing of the 1200-A-
thick pair of Cr electrode gate bus lines can reveal the presence of bridging shorts.

Figure 1V-1(a) shows a typical bridging short on the GEODSS second-level metallization
mask as seen under an inspection microscope; Fig.IV-1(b) shows this same defect after sub-
sequent laser correction; and Fig.IV-1(c) shows a multiple-short defect. To detect these de-
fects, DC I-V characteristics are measured on a transistor curve tracer. The presence of a
short is characterized by a linear I-V line [Fig.IV-2(a)]. Typical single-bridge shorts have
resistance between 60 and 80 k2. Multiple shorts such as that shown in Fig. IV-4(c) have
resistance between 30 and 40 k2. An unusually high 1- to 10-MQ resistance on some devices
has also been noted {Fig.IV-2(b)]. This behavior corresponds to incomplete removal of chro-
mium between alternate phase electrodes. This behavior does not necessarily indicate a defec-
tive die or mask, as this residual chromium film can be on the order of 20 to 70 A thick and

still be relatively transparent to UV radiation.
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Fig. IV-1. Photomicrographs of second-level
GEODSS metallization mask with 11.4-um lines
and 3.8-um spacings. (a) Typical bridging de-
fect between two adjacent metal lines; (b) same
defect after correction by laser vaporization;
(¢) a lower-resistance multiple-metal-line
short.
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Fig. IV-2. Oscilloscope traces of shorts
between adjacent metallization lines.
(a) Typical I-V curve for multiple short
of Fig.IV-1{c); (b) indicates high resis-
tance characteristics typical of incom-
pletely etched chromium.
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‘ Dice which indicate shorts are subsequently reinspected under a microscope to locate the
defect. When the chromium bridging defect is located on the die, two techniques are available
to remove the excess chromium. One method utilizes a focused Nd: YAG pulsed-laser beam to
selectively vaporize the chromium bridging [Fig.IV-1(b}]. Another method involves the selec-
tive exposure of a small aperture in positive photoresist which has been applied to the defective

- masks. After development, the chromium bridge is etched off in chemical solution, and the re-

! maining photoresist is stripped off.

P D.J. Silversmith
: R. W. Mountain

t

' , B. ENHANCED SUBSTRATE CONTACTS VIA LASER-ANNEALED
A BACK-SIDE ION IMPLANTATION INTO SILICON DEVICES
B

The jam-resistant, secure voice radio development program in the Tactical Systems Group
E - is utilizing a 512-stage, binary-reference, analog CCD correlator chip.3 This chip is being
3 developed and fabricated at a commercial development facility. Process design problems make

these devices difficult to evaluate functionally as delivered, but by providing back-side ohmic
contact to the device substrate, operation suitable for preliminary testing has been achieved.

A technique has been developed using laser-annealed, back-side ion implantation to provide this
contact without any damage to the aluminum metallization or glass passivation layers. This work
demonstrates the feasibility of using laser annealing in combination with ion implantation for
wafer rework at advanced stages of wafer fabrication, with the resulting increase in device yield.
1 Electrical testing of the correlator indicated that the summing busses were coupled to the
clock on the CCD shift register, thus impairing device operation. A significant portion of the
coupling problem was determined to result from nonohmic connection between the substrate pin
on the package and the silicon substrate. Direct contact from the substrate pin on the package

to the silicon substrate through the back of the device was not possible because the wafer backs

) were exposed to the same n? diffusions as the front for purposes of gettering heavy metal and
alkali contaminants [see Ref.1, (1977:4)].

Q Because the devices to be modified were received at the wafer probe stage (i.e., complete
except for chip separation), the options for rework at Lincoln Laboratory were limited. The
approach chosen was to make a direct ohmic contact from the ceramic dual-in-line package

(DIP) die~-attach pad to the silicon substrate. The first step in this process was the removal

of the n+-layer on the back side by means of a CP4:t etch while protecting the wafer front by
cementing the wafer to a ceramic fixture with "black wax.* The back side of the wafer was then
implanted with boron at 1014 cm™2

at 100 keV. At this dose and energy, the implant damage is : |
insufficient to drive the back surface amorphous. Because the temperatures required to activate \
this implant using thermal annealing would destroy the devices on the front of the wafer, a laser- ‘
annealing procedure4’5

was chosen for the electrical activation of the boron. An argon ion laser
operating at B W CW output was focused to a 50-um-diam spot on the wafer back. The wafer was
scanned in a raster pattern under the beam on a servomechanical x-y stage such that nonoverlap-
ping scans were made at 500-um intervals. Scan rate of the stage was 4.3 cm/sec. After the
laser scan was completed, the wafers were cleaned, and 300 A of chromium and 1000 A of gold
were sequentially deposited from filaments in a vacuum evaporator. The gold was then electro-
plated to a thickness of 1 um suitable for a gold-tin eutectic bond to the die attach pad of the
ceramic DIP,

t HNO3:HAC:HF mixture.
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Testing of the implanted, laser-annealed samples indicated resistances of 7 to 10 ohms
between the forward-biased n* sources, drains, and diodes on a chip and the gold contact on
the back. These values compare favorably with a calculated value of 5 ohms for a forward-
biased n+p diode with an equivalent area on a similar substrate material., Since only the boron
in the 50~um-wide laser-annealed stripes was electrically activated, this ohmic contact is ob-
tained even though the ohmic-contact area is only 10 percent of the area of the back of the de-
vice. Devices from wafers with the ion-implanted, laser-annealed back-side ohmic contact
have been eutectically bonded into the ceramic DIP and are operational. Several units have been
delivered to the Tactical Systems Group for further evaluation.

In conclusion, the use of laser annealing for the activation of ion-implanted dopants in situa-
tions where conventional thermal processes are not possible has been demonstrated. Further,
ion implantation coupled with laser annealing has been shown to be a tool for wafer rework at
advanced stages of wafer fabrication, with the resulting improvement in yield and throughput.

D.J. Silversmith R.W. Mountain

S. C. Munroe M. W. Geis
(Group 41)

C. CHARGE-COUPLED DEVICES: IMAGERS

The CCD imaging devices currently fabricated for the GEODSS (Ground Electro-Optical
Deep Space Surveillance) Program are required to have optical shielding to prevent illumination
of the output register and detection circuitry. The only practical approach to this requirement
is an opaque thin film integrated on the CCD chip. We describe here the use of the cermet film
MgO/Au as an integrated-circuit light shield having the required features of high optical absorp-
tion, high resistivity, and ease of deposition and pattern definition.

Solid state imaging devices such as CCDs have transport registers which transfer the photo-
generated charge from imaging cells to charge-detection circuitry. To avoid spurious signals,
the transport registers and detection circuitry must be shielded from the illumination. If these
features are sufficiently far removed from the imaging-cell array, a mechanical shield on the
device package can solve the problem. More often, however, the features to be shielded are
either too close to or interleaved with the imaging cells. In these cases, an integrated shield
using a layer of aluminum on the device has been the common solution. A metallic film has two
drawbacks when used in this manner, the more serious one being the additional capacitance which
it introduces at the output charge collection diode. Additional stray capacitance at this node low-
ers the sensitivity of the detection circuit. The second problem which may occur is that light
incident on the circuit near the edge of a reflecting film may, by multiple reflections between
the substrate and the film, propagate laterally beneath the light shield. The ideal light shield
would therefore be both an electrical insulator and highly absorbing for the radiation to which
the imager is sensitive.

Cermet MgO/Au films prepared by RF sputtering from a target of 75-vol% MgO and
25-vol% Au have been investigated as selective black absorbers for use in solar col]ectors.s'6
The absorption coefficient for these films is about 10° em™! for wavelengths shorter than 1.1 um.
Thus, a 1-um-thick film will have an optical density greater than 4 at all wavelengths for which
silicon is sensitive. The resistivity of MgO/Au is about 100 ohm-cm when deposited on sub-
strates at room temperature, but rises to over 104 ohm-cm if the substrate is held above 150°C.
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At this resistivity, the RC time constants associated with the film and the SiO2 layer covering
the device beneath it are sufficiently long compared with CCD clock rates that capacitive loading
by the film does not occur.

Because of possible radiation damage to the CCD due to the sputtering environment, we are
investigating both ion-beam sputtering and RF diode sputtering as means of depositing MgO/Au
films. While both systems generate UV radiation from the plasmu near the target, the ion-beam
system would not be expected to produce the high-cnergy clectrons found in RF diode systems.
The radiation damage commonly obscrved from these sources consists of an increase in both
fixed positive oxide charge and fast interface state density.  In the buried-channe]l CCDs used
in these experiments, these effects manifest themselves as a shift in gate threshold voltage and
an increuase in dark current, respectively. In addition to CCDs, silicon wafers with a thin layer
of thermal Si()2 (800 A) covered with Si3‘N4 (800 A) to simulate the gate insulator of the CCD were
also subjected to both deposition environments. For these wafers the MgO/Au was stripped, and

MOS capacitors were fabricated and evaluated using MOS capacitance -voltage techniques.

E , v _“ ;A—-m“

FFig. IV=3, Corner of GEODSS CCD imaging device showing black
Mg()/Au light shield covering output register and MOSFFT detec-
tion circuit.

In the only run done thus far in a beam system (Fig.1V-3), a CCD wafer showed no change
in threshold voltages or durk currents, and therefore no evidence of radiation damage insofar
as CCD performance is concerned. However, the Si()Z/SiSN4 covered wafer did exhibit an in-
crease in positive insulator charge and fast interface state density., This discrepancy is likely
due to the fact that additionul layers present on the CCD, particularly the overlapping two-level
polysilicon gate structure, shield the CCD channel from the UV radiation. In the RF sputtering
system at power levels of 30 to 40 W, o similar difference hus been seen, but with the exception

that an increase in dark current from about 4 nA /r‘m2 to about 50 n:\./cm2 after deposition was
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observed in the CCDs. However, by annealing the CCD wafer in N, at 300°C for 30 min., the
dark currents were reduced close to their initial values. Although both deposition methods are
promising, future work will emphasize the ion-beam method since it appears to subject a CCD
to less radiation damage.

B. E. Burke
F.J. Bachner
J.C.C. Fan
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V. ANALOG DEVICE TECHNOLOGY

A. EFFICIENT CONVERSION OF SURFACE ACOUSTIC WAVES IN SHALLOW
GRATINGS TO BULK PLATE MODES |
During recent measurements of the slowing of surface acoustic waves (SAWs) due to
transmission through shallow groove gratings,1 a novel phenomenon was observed. The trans-

mission response showed a series of very narrow stop bands for surface waves normally inci-

dent on 200-groove gratings., The frequency range of the observed stop bands extends +20 per-
cent around the frequency at which the SAW wavelength equals the groove period. At these stop
bands, the grating converts the surface wave to a slab waveguide mode. Resonant coupling
results in sharp resonant stop bands.

Sharp passbands are, however, of more practical interest than sharp stop bands, This led
us to seek access to the signal that is taken out in the stop bands. Here, we report passbands
observed by means of a second grating on the bottom of the crystal, present briefly a theory
which accounts for the resonance phenomenon in terms of bulk plate modes, and suggest struc-
tures which may result in practical devices.

A cross section of the structure used is shown schematically in the upper-left corner of
Fig. V-1, The substrate is a slab of 1,27-mm-thick YZ LiNbO3 with polished faces., Both grat-
ings have 200 grooves with 20.32~um period and 0.47-um depth, The gratings are 2.29 mm wide.

TRANSDUCER A 8 FRONT- TO-BACK
[ ! CONVERSION LOSS

do~= A

i - PR I R B -8 ﬂ—\

TRANSMISSION (10dB/div)

FREQUENCY b 170MHz (2MHZ/dw) -

Fig. V-1. Surface-to-bulk-wave coupling. Top left: Schematic
of cross section of substrate. For case of inputat A, bulk waves
are shown bouncing from top to bottom in "ray-tracing" view of
plate mode (Ref.1). Lower left is composite photo of frequency
response measured for paths indicated. Central trace is dis-
placed 30 dB down with respect to upper one. When they are at
same gain, conversion loss is measured as shown at top right.
Bottom trace is at same gain as central one but pictorially dis-
played 6 divisions lower.
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All transducers have 2-1/2 finger pairs. The gratings are offset so that the last groove of the
upper one is approximately over the first groove of the lower one,

Traces of log transmission vs frequency are shown in Fig, V-1, For input and output on the
same surface (A-to-B or C-to-D), sharp and deep stop bands are observed. For input and out-
put on opposite surfaces (A-to-D or B-to-C), passbands are observed at the positions of these
stop bands. The signal in some of these passbands is nearly of the same level as the signal on
either side of the corresponding stop bands., Since the transducers in the various paths are iden-
tical and can be assumed to have the same loss, the front-to-back transmission loss can be mea-
sured by superposing the traces as shown in the upper right of Fig. V-1, A detailed examination
of the passband levels on two such structures showed that for some of the bands the conversion
loss was zero within a measurement accuracy of 0.5 dB, while for others a few decibels of loss
was observed,

The theoretical analysis was aimed at the calculation of the frequencies of the stop bands
and/or passbands, and the magnitudes of the peaks in the transfer function between the two grat-
ings. The theory briefly outlined here, and to be published in detail elsewhere,‘2 starts from a
mode-coupling formalism.3 The Rayleigh wave of propagation constant kr couples, via the grat-
ing of periodicity p, to a slab waveguide mode. In an isotropic slab, near cutoff, the coupling
between shear and compressional waves is weak, and the propagation constant k of the slab
waveguide modes follows quite closely the approximate dispersion curves

2 1/2 2 1/2
= (= nr,2 = (e} _ (mrye -
kw-[(c)—(d)] and kw-[(c) (d)] (Vv-1)
s c
where g and c. are the speeds of the shear and compressional waves, and d is the thickness
of the slab. In the slab, the mode orders n and m are close to 100 and 60, respectively, When-
ever the synchronism condition

kr— - kw (V-2)

is obeyed, maximum interaction occurs between the Rayleigh wave and the bulk wave. Fig-

ure V-2 shows a dispersion diagram for the Rayleigh wave shifted by 27/p, and for the slab wave-
guide modes. Strong interaction occurs when the respective dispersion curves cross, as indi-
cated in Eq.(V-2). The frequencies of the stop bands or of the transmissions between top and
bottom were determined from the crossings, as in Fig. V-2, and were found to agree reasonably
well with the experimentally observed ones. The small deviations are probably due to the fact
that anisotropy and shear-to-compression-wave coupling are neglected.

At frequencies higher than the critical frequency f = Cr/p’ the g1 ating excites a slab mode
that propagates in the same direction; at frequencies below the critical frequency, oppositely
directed slab modes are excited. Thus, in Fig, V-1, A-to-D passbands are observed only above
the experimental fc = 171.5 MHz and B-to-C passbands only below fc.

Coupling between waves with group velocities in the same direction leads to spatial intensity
distributions that are quite different than the distributions which result from coupling between
waves of oppositely directed group velocities. In the former case, the coupling leads to a spa-
tial beat between the two coupled waves; the power in one wave gets transferred to the other,
but i8 returned to the first wave if the transition length (as measured in terms of the coupling
constant) is sufficiently long. In the latter case of oppositely directed group velocities, no spa-

tial beat occurs. The coupling of one wave to the other is a monotonically increasing function
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Fig. V-2, Dispersion diagram for shear (solid hyperbolas) and compressional
(dashed hyperbolas) slab modes, and for shifted Rayleigh wave (dot dash) and
unshifted Rayleigh wave (solid line of slope c¢,). For large k, slab modes ap-
proach bulk-wave asymptotes cgk and cck. Synchronism conditions are satis-
i fied at intersection indicated with "0" and determine frequencies of observed
: passbands., Since cp < ¢g < ¢c¢, there is no conversion between SAW and bulk
’ power without a grating.
of length and/or coupling constant. Further, the coupling constant « is inversely proportional
to the square root of the group velocities of the waves. The slab modes have group velocities
\ that decrease to zero as cutoff is approached, Hence, one gathers that the coupling xI. within
a grating of length L increases monotonically with decreasing Jw— W | (wC = Zfrfc). Traces
such as in Fig. V-1, particularly when seen on a compressed scale over wider bandwidth, show
trends in agreement with the mode-coupling formalism. For w< w,, one sees two sets of stop-
band spikes — one for the compressional slab waves (more widely spaced), the other for shear
waves; both increase as one moves toward wee For w < wes the behavior is more irregular in tiat
the transfer of power from the surface wave is not a monotonically increasing function of « L.
Several device structures can be envisaged based on this surface-to-bulk and bulk-to-
surface-wave conversion. One of the simplest is a bandpass filter with the signal traveling in
. a U path as shown in Fig.V-3. The grating period p, is slightly larger than the acoustic
INPUT QLRI :
P
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Fig. V-3. Schematic of crystal cross section of proposed U-path filter.
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wavelength, so that the bulk wave is launched forward (6 < 90°), The grating period p, is slightly
smaller than the wavelength so that coupling is to the backward surface wave on the bottom,
This device would display a single passband. The periods Py and P, must be chosen using the
above theory, They will depend on the desired center frequencies, on the crystal thickness, and
on the bulk and surface-wave velocities.

The present work demonstrates that gratings can efficiently shift a surface wave from one
to another surface of an acoustic slab via the plate mode, The device suggested, or others one
can think of, may offer an opportunity to use some of the advantages of bulk waves such as lower
loss, compactiness, and insensitivity to surface aging, and still maintain planar, albeit two-
surface, fabrication, J. Melngailis

H. A. HausT
A, Lattes”

B. FABRICATION OF JOSEPHSON-JUNCTION DEVICES

Techniques have been developed for the fabrication and testing of Josephson-junction de-
vices.4 The basic device structure is a niobium/niobium oxide/lead sandwich, as sketched in
Fig. V-4, with niobium and lead serving as the superconducting electrodes and niobium oxide as
a tunneling barrier., The use of niobium as the base film produces stable and reliable devices.5
This is due, in large part, to the extreme stability and ruggedness of the niobium and niobium
oxide films. The high critical temperature of niobium relative to other elemental superconduc-
tors is another of its advantages. However, the high relative dielectric constant (~30) of niobium
oxide tends to reduce the switching speed of these junctions.

NIOBIUM OXIDE

SILICON
MONOXIDE

SILICON
DIOXIDE

SILICON

Fig. V-4, Josephson tunnel junction,

The Nb is deposited on oxidized silicon wafers by RF sputtering in an argon atmosphere,
Critical transition temperatures for the 0.4-um-thick films are within several tenths of degrees
of the bulk value (9.4 K).

A reactive-ion-etching process has been implemented for the delineation of desired patterns
in the Nb and SiO films. Standard photolithography is used to generate a pattern in positive
photoresist on top of the film. The resist then serves as the mask for the highly directive etch-
ing. The reactive gas species and operating parameters have been optimized for the selectivity
and uniformity of the etching process. The 1-um resolution currently being realized is limited
by the photolithography rather than the etching process,

t Research Laboratory for Electronics, M,LT.
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The most critical process step is the realization of uniform and reproducible tunnel barriers
between the two superconducting electrodes. A native oxide tunnel barrier is grown on the Nb
surface by an RF plasma-oxidation procedure developed by Greiner.6 With this procedure the
exposed Nb surface is simultaneously sputtered and oxidized in an OZ/Ar plasma. In principle
it is possible to reach a plateau in which oxide growth is balanced against oxide removal, and
oxide thickness becomes independent of oxidation time, The realization of reproducible tunnel
barriers depends upon careful control of parameters which affect the sputtering and oxidation
rates, such as the partial pressure of oxygen, sputtering voltages, and temperature,

After formation of the oxide barrier, and without breaking vacuum, the counter electrode,

a 0.6-pm-thick layer of Pb (or Pb/Bi) is evaporated over the entire surface of the wafer. A
photoresist mask is then fabricated and the Pb layer is patterned by chemical etching. The ten-
dency of pure Pb films to form large grains and hillock structures currently limits the resolution
of the Pb etching process to about 6 um. Hillock growth can he prevented by adding small por-
tions of an impurity to the pure Pb.7 One such alloy, Pb-Bi, is currently being explored for use
in the Nb-based junctions. Such junctions have been fabricated and reasonable current-voltage
characteristics obtained.

Both Al and an In-Au alloy8 have been explored as resistive materials in the superconduc-
tive circuitry. In terms of their resistance vs temperature characteristics, both materials are
reasonably well behaved between 273 and 4.2 K. Al appears to make reasonable contacis with
Nb films, while the In-Au alloy is more compatible with Pb or Pb alloys. An Al/Nb metalliza-
tion is currently being employed as pads for an ultrasonic-bonding process.

The current-voltage characteristic o1 a Nb/NbZOS/Pb Josephson junction is shown in
Fig. V-5, With zero potential across the tunnel barrier, the DC Josephson current will flow up
to some critical level (IC). When the junction current exceeds IC, the potential across the junction
will switch to a nonzero value. For nonzero potentials below the sum of the half-energy gaps
(ANDb, APb), the dominnnt current is due to tunneling of normal electrons (quasi-particles)and to

microshorts or other conduction mechanisms which can produce an anomalous "excess current."

SLOPE 1/R,
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Fig, V-5, Sketch of I-V characteristic of a superconductive tunnel
junction (Nb»NbZOS-Pb) at 4.2 K.
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Fig. V-6, [-V characteristics of five adjacent (0.35-cm centers) superconductive
tunnel junctions (Nb—Nb‘(()V—Pb). (Horizontal scale: { mV/div; vertical scale:
s mA/div,) s
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Junction resistance R decreases exponentially with oxide thickness. For Nb-based junc-

tions, an increase in the oxide barrier of only 4 A can produce an order-of-magnitude decrease
in tunnel current. Using the Greiner RF plasma-oxidation method, arrays of junctions are being
produced whose resistances Rn vary by less than 20 percent. For example, the values for Rn
of the junctions shown in Fig. V-6 vary by less than 10 percent, corresponding to oxide barrier
thicknesses uniform to a fraction of an angstrom.

In summary, technology has been established for fabricating devices with five basic layers:
(1) Nb base electrode, (2) SiO insulator, (3) Pb counter electrode, (4) resistors and connectors, and
(5) bonding-pad metallization. The need exists to improve the resolution of the Pb-patterning
process and to add one or more additional superconductive layers to serve as a ground plane and
for inductive coupling to Josephson circuit loops. A Josephson device for analog-signal process-

ing is currently under development, S. A. Reible
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